Unesterified cholesterol accumulates in late endosomes in cells expressing the misfolded cystic fibrosis transmembrane conductance regulator (CFTR). CFTR misfolding in the endoplasmic reticulum (ER) or general activation of ER stress led to dynein-mediated clustering of cholesterol-loaded late endosomes at the Golgi region, a process regulated by ER-localized VAMP-associated proteins (VAPs). We hypothesized that VAPs serve as intracellular receptors that couple lipid homeostasis through interactions with two phenylalanines in an acidic track (FFAT) binding signals (found in lipid sorting and sensing proteins, LSS) with proteostasis regulation. VAPB inhibited the degradation of ⌬F508-CFTR. The activity was mapped to the ligand-binding major sperm protein (MSP) domain, which was sufficient in regulating CFTR biogenesis. We identified mutations in an unstructured loop within the MSP that uncoupled VAPB-regulated CFTR biogenesis from basic interactions with FFAT. Using this information, we defined functional and physical interactions between VAPB and proteostasis regulators (ligands), including the unfolded protein response sensor ATF6 and the ER degradation cluster that included FAF1, VCP, BAP31, and Derlin-1. VAPB inhibited the degradation of ⌬F508-CFTR in the ER through interactions with the RMA1-Derlin-BAP31-VCP pathway. Analysis of pseudoligands containing tandem FFAT signals supports a competitive model for VAP interactions that direct CFTR biogenesis. The results suggest a model in which VAP-ligand binding couples proteostasis and lipid homeostasis leading to observed phenotypes of lipid abnormalities in protein folding diseases.
Perturbation of cellular cholesterol homeostasis is seen in cystic fibrosis (CF) 2 and other protein folding diseases (1) (2) (3) (4) (5) .
Expression of ⌬F508-CFTR, which fails to fold in the ER and is removed by ER-associated degradation (ERAD), leads to the accumulation of unesterified cholesterol in late endosomes (LE) (2) and to defects in the traffic of internalized (labeled) cholesterol from LE (6) . The accumulation of unesterified cholesterol in LE is accompanied by a reduction in cellular cholesterol esters and by defects in the traffic of glycosphingolipids (2) . These outcomes are reminiscent of cholesterol traffic defects observed in Niemann Pick disease type C (NPC) (7) . In NPC, cholesterol traffic from LE to the ER, where it is esterified, is inhibited. Cholesterol accumulation in ⌬F508-CFTR-expressing cells or NPC fibroblasts is alleviated by the overexpression of Rab9 (2, 8, 9) . Rab9 can either function directly, augmenting the traffic of sterols from LE to the trans-Golgi network, or indirectly, by facilitating trafficking of proteins required for intracellular cholesterol transport. The lack of cholesterol supply to the ER is accompanied by the activation of SREBP (sterol regulatory element-binding protein) and endogenous cholesterol synthesis both in model CF cells (6) and mice that contain an in-frame deletion in the CFTR gene (10) . Importantly, these cellular lipid phenotypes are somewhat mirrored in CF patients that present deficiencies in essential fatty acids as well as low plasma LDL and HDL levels (5) .
Cholesterol accumulation in LE is not specific to the ⌬F508-CFTR mutation, does not require CFTR function, and is observed in cells expressing CFTR-related mutant transporters (2) or unrelated misfolded proteins that are processed in the ER (3, 4) . Overall, these observations suggest that protein misfolding in the ER leads to global effects on lipid homeostasis. Indeed aberrant cholesterol distribution is observed during general perturbation of protein folding in the ER; drugs that perturb ER N-glycosylation or oxidative folding similarly lead to cholesterol accumulation in LE (11) (12) (13) . The mechanisms that enable the coupling of protein biogenesis in the ER with cholesterol flow remain undefined. Changes to transcription programs involved in cholesterol synthesis and alterations in cholesterol uptake and intracellular traffic may both play a role in altering cholesterol levels and distribution. These changes might be utilized to address protein misfolding in the ER. Introduction of free cholesterol or long chain saturated fatty acids in the ER membrane leads to activation of ER stress (14) . Therefore, it may be that when ER-associated folding or degradation machineries are perturbed or overloaded, the traffic of free cho-lesterol to the ER is reduced to minimize the derived biosynthetic and processing load. This reduction would be functionally homologous to the general inhibition of protein synthesis during the development of ER stress. The ER unfolded protein response (UPR) couples the adjustments to protein folding and degradation mechanisms with phospholipid and sterol synthesis (15) . However, mechanisms that couple the intracellular cholesterol distribution with protein folding remain largely undefined.
The global nature of lipid effects observed in CF patients and the relation to protein folding in the ER led us to hypothesize that VAMP-associated proteins (VAPs) might be involved in regulated coupling of protein folding with lipid homeostasis. VAPs are evolutionarily conserved ER-localized type II membrane proteins that function in both protein and lipid homeostasis (16 -18) . The proteins serve as anchors that physically link the ER with other organelles forming membrane contact sites (MCS). VAPs are anchored in the ER membrane via the C terminus to present a coiled-coil dimerization domain and an N-terminal major sperm protein (MSP) domain in the cytosol. The MSP domain binds FFAT signals (two phenylalanine residues in an acidic track) containing ligands, mostly involved in lipid sorting and sensing activities (16) . LSS include members of the oxysterol-binding protein-related proteins (ORPs) in mammals or the oxysterol-binding Saccharomyces cerevisiae homologs in yeast (19) . LSS function at MCS that connect the ER (through FFAT binding) with Golgi, endosomes, and the plasma membranes. ORPs function directly in sterol and phospholipid transfer, using an oxysterol regulatory domain to bind and mediate bidirectional inter-membrane exchange of monophosphorylated phosphoinositides with sterols. ORPs may also function as sensors that report on lipid environments. ER-anchored ORPs function in a VAP-independent manner to exchange phosphoinositide with phosphatidylserine. In addition, a number of lipid-modifying and transfer enzymes interact with the ER using FFAT-VAP binding and function in ceramide traffic, phosphoinositide, and phosphatidic acid exchange and regulated phosphoinositide phosphorylation and dephosphorylation cycles that provide directionality for cellular lipid flow (20 -25) . Regulation of MCS assembly also allows for lipidmodifying enzymes to function in trans and regulate organelle positioning within the cell. A role for VAPs in regulating hepatitis C virus replication complexes has been shown, and this role is likely related to regulatory activities that control the lipid composition of these membranous structures (26, 27) . Overall, a role for VAPs as central elements in general lipid homeostasis is well established.
VAPs are also implicated in the regulation of proteostasis. Yeast VAP (Scs2, suppressor of choline sensitivity) couples Opi1 regulation with UPR activity to control ER membrane expansion during ER stress (28) . Opi1 regulates Ino1 activity, a key element in phospholipid synthesis. Scs2 also interacts with the ER-localized proteostasis regulators Yet1p-Yet3p (29) . The relation between VAP, UPR, and proteostasis regulation is conserved in mammals. VAPs interact with and regulate the activity of the mammalian UPR sensors Ire1 and ATF6 (30, 31) . ATF6 regulates UPR-mediated membrane expansion, linking the regulation of lipid biosynthesis with protein folding in the ER (32) .
The physiological role of VAP in regulating proteostasis is undefined. However, the significance of such regulation is exemplified by the role of VAPB mutants in the development of familial amyotrophic lateral sclerosis (ALS) (31, (33) (34) (35) (36) . A P56S mutation in the MSP domain of VAPB destabilizes the domain and supports the aggregation of VAPB with VAPA leading to a general loss of function. Deletion of Drosophila dVAP is manifested as a proteostasis disease, leading to the accumulation of protein aggregates and the build up of ER quality control compartments characteristic of inhibited protein degradation (37) (38) (39) . The cytosolic MSP domain of dVAP is cleaved and secreted (using an unconventional secretion pathway) serving as an activating ligand for Eph receptors (40, 41) . The P56S mutation inhibits cleavage and signaling activities. Therefore, the loss of VAP signaling may lead to the development of ALS. However, the loss of dVAP can be partially compensated by the expression of ORP8, an FFAT-independent ER-anchored ORP (36) . Thus VAP-FFAT binding and lipid transfer activities are likely involved in regulating cellular proteostasis and might contribute to the development of ALS (38) . We therefore hypothesize that VAPs function as ER-localized receptors, which couple proteostasis with lipid homeostasis.
We now demonstrate that VAPs (or isolated MSP domains) inhibit the degradation of misfolded ⌬F508-CFTR in the ER. We defined mutations in the MSP domain that uncouple this proteostasis activity from VAP expression and defined selective interactions of VAP-MSP with proteostasis ligands regulating UPR and ER-associated degradation of CFTR. We provide evidence to suggest a model in which competitive ligand binding by VAP-MSP regulates proteostasis and lipid homeostasis coupling.
Experimental Procedures
Cells, Chemicals, and Antibodies-HeLa, HEK293, and ⌬F508-CFTR stably expressing HEK293 cells and the RNF5/ RMA1 knockdown HeLa cell lines (provided by Dr. Z. Ronai, Burnham Institute, La Jolla, CA) were maintained in Dulbecco's modified Eagle's medium (Thermo Scientific Hyclone) supplemented with 10% fetal bovine serum (FBS, Serum Source International and Thermo Scientific Hyclone) and 1% penicillin/ streptomycin solution (Mediatech) at 37°C with 5% CO 2 . In some experiments, cells were grown in 10% delipidated FBS (Cocalico Biologicals). U18666A was purchased from BIOMOL Research Labs. Cycloheximide and tunicamycin were purchased from Sigma. Antibodies used in this study include anticalnexin (StressGen), anti-Lamp2 (gift from Dr. G. Apodaca and the Developmental Studies Hybridoma Bank), anti-HA (Invitrogen and Covance), anti-GFP (Invitrogen and Polysciences, Inc.), anti-FLAG M2 (Sigma), anti-p97/VCP (Research Diagnostics, Inc.), anti-RMA1 (Abgent), anti-␤-actin (Abcam), and anti-BAP31 (gift from Dr. G. Shore, McGill University, Montreal Canada).
Plasmids-Mammalian expression vectors encoding HAtagged human VAPA and VAPB were kindly provided by Dr. C. Hoogenraad (Utrecht University, Utrecht, The Netherlands). The VAPA construct was a variant that harbors a substitution of a conserved Glu to Gly at position 185. The substitution resides outside of the proteostasis-active MSP domain of VAPA and in agreement did not affect VAPA activity in our assays. Importantly, site-directed mutagenesis generated several variants used in the structure-function analysis of VAPs. The N-terminal MSP domain was expressed by mutagenizing amino acids 132 and 125 in VAPA and VAPB, respectively, to stop codons. The HA-VAPA-MSP construct was generated using the forward primer 5Ј-CCAAATTGAGATGCGTAT-TTGAATAGCCCAATGAAAATGATAAATTGAATGATA-TGG-3Ј and reverse primer 5Ј-CCATATCATTCAATTTA-TCATTTTCATTGGGCTATTCAAATACGCATCTCAATT-TGG-3Ј, and the HA-VAPB-MSP construct was generated using the forward primer 5Ј-GGATTCAAAACTTAGATGT-GTGTTTGAATAGCCAGCAGAGAATGATAAACC-3Ј and reverse primer 5Ј-GGTTTATCATTCTCTGCTGGCTA-TTCAAACACACATCTAAGTTTTGAATCC-3Ј.
Conversion of amino acids 201 and 196 in VAPA and VAPB, respectively, to stop codons produced truncations after the VAP coiled-coil domain (HA-VAPA-MSPϩCC and HA-VAPB-MSPϩCC). The VAPA-specific primers used were 5Ј-CGGCACCTGAGAGATGAAGGTTTATAACTCAGAA-AGGTAGCACATTCGG-3Ј and 5Ј-CCGAATGTGCTACC-TTTCTGAGTTATAAACCTTCATCTCTCAGGTGCCG-3Ј, and the VAPB-specific primers used were 5Ј-GCAGTTCAAG-GAAGAAGATGGACTGTAAATGAGGAAGACAGTGCA-GAGCAACAGC-3Ј and 5Ј-GCTGTTGCTCTGCACTGTCT-TCCTCATTTACAGTCCATCTTCTTCCTTGAACTGC-3Ј. The ALS-causing mutation in VAPB, P56S, was generated using the 5Ј-CGTAGGTACTGTGTGAGGTCCAACAGCG-GAATCATCGATGC-3Ј and 5Ј-GCATCGATGATTCCGCT-GTTGGACCTCACACAGTACCTACG-3Ј primers. Sequence alignment of VAPA and VAPB identified proline 63 as the ALSrelated residue in VAPA, which was mutated to serine 63 using the 5Ј-GCCGGTACTGTGTGAGGTCCAACAGTGGAATT-ATTGACC-3Ј and 5Ј-GGTCAATAATTCCACTGTTGGAC-CTCACACAGTACCGGC-3Ј primers.
VAP double point mutations within the MSP domain, as identified previously (42) , prevent FFAT binding, and these constructs were generated in VAPA using the primers 5Ј-CCGAATGAAAAGAGTAAACACGACTTTGACGTACAG-ACAATTTTTGCTCCACC-3Ј and 5Ј-GGTGGAGCAAAA-ATTGTCTGTACGTCAAAGTCGTGTTTACTCTTTTCA-TTCGG-3Ј (HA-VAPA-K95D/M97D).
In VAPB, the double point mutations within the MSP domain were generated using the 5Ј-CCCAATGAGAAA-AGTAAACACGACTTTGACGTTCAGTCTATGTTTGC-TCC-3Ј and 5Ј-GGAGCAAACATAGACTGAACGTCAAAG-TCGTGTTTACTTTTCTCATTGGG-3Ј primers (HA-VAPB-K87D/M89D).
Analysis of the VAP-MSP domain identified exposed acidic residues within an unstructured loop, which were mutagenized to generate the 2DK mutants. Two reverse-charge point mutations in VAPA (D84K/D86K) and VAPB (D77K/D79K), which were termed the "2DK" mutants, were generated in VAPA using the primers 5Ј-GCTACAGCCCTTTAAGTATAAGCC-GAATGAAAAGAGTAAACACAAGTTTATGG-3Ј and 5Ј-CCATAAACTTGTGTTTACTCTTTTCATTCGGCTTAT-ACTTAAAGGGCTGTAGC-3Ј and in VAPB using the primers 5Ј-GTGATGTTACAGCCTTTCAAGTATAAGCCCAATG-AGAAAAGTAAACACAAGTTTATGG-3Ј and 5Ј-CCAT-AAACTTGTGTTTACTTTTCTCATTGGGCTTATACTTG-AAAGGCTGTAACATCAC-3Ј.
The GFP-3ϫFFAT ligand was generated by subcloning two Myc-tagged FFAT fragments (rabbit OSBP residues 347-372) into a plasmid containing a GFP-tagged FFAT fragment (human Nir2 residues 344 -360). The Myc-FFAT (43) and GFP-FFAT (44) constructs were kindly provided by Dr. J. Ngsee (Ottawa Health Research Institute, University of Ottawa, Canada) and Dr. C. Hoogenraad (Utrecht University, Utrecht, The Netherlands), respectively. To generate the GFP-3ϫFFAT plasmid, an internal BamHI restriction enzyme site within the Myc-FFAT construct was first removed by site-directed mutagenesis using the forward primer 5Ј-GGTACCGAGCTC-GGTTCCTCTGGCAAAGG-3Ј and reverse primer 5Ј-CCTT-TGCCAGAGGAACCGAGCTCGGTACC-3Ј. PCR amplification of the Myc-FFAT construct using the forward primer 5Ј-AGTCACGGATCCGAGCAAAAGCTCATTTCTGAGG-AAGATCTCC-3Ј and reverse primer 5Ј-CACTGGTCTAG-ATTCAGGCATGGTGATGATCTCAGGGGC-3Ј generated a fragment containing the Myc-tagged FFAT region with 5Ј-BamHI and 3Ј-XbaI sites that were used to insert a second FFAT fragment into the GFP-FFAT plasmid (GFP-2ϫFFAT). An additional Myc-FFAT fragment was cloned into the GFP-2ϫFFAT plasmid using 5Ј-XhoI and 3Ј-EcoRI sites added by PCR amplification with the forward primer 5Ј-AGTCAG-CTCGAGCTGAGCAAAAGCTCATTTCTGAGGAAGATC-TCC-3Ј and reverse primer 5Ј-CACTGGGAATTCGATTC-AGGCATGGTGATGATCTCAGGGGC-3Ј (GFP-3ϫFFAT). When indicated, the FFAT fragment originally found within the GFP-FFAT plasmid was replaced in the GFP-3ϫFFAT plasmid with a Myc-FFAT fragment using 5Ј-EcoRI and 3Ј-BamHI sites added by PCR amplification with the forward primer 5Ј-CGTCAGGAATTCAGAGCAAAAGCTCATT-TCTGAGGAAGATCTCC-3Ј and reverse primer 5Ј-CATT-GAGGATCCTTCAGGCATGGTGATGATCTCAGGGGC-3Ј (GFP-3ϫFFAT-pure).
The p3ϫFLAG-ATF6 expression vector was kindly provided Dr. R. Prywes (Addgene plasmid 11975) and encodes a 3ϫFLAG-tagged human ATF6 protein. This plasmid was altered by site-directed mutagenesis using the forward primer 5Ј-CCAGAGGCTTAAAGTCCCTAGTTGAAAGCGAAGA-GTTGTCTGTGTGATGATAGTATTGGC-3Ј and reverse primer 5Ј-GCCAATACTATCATCACACAGACAACTCTT-CGCTTTCAACTAGGGACTTTAAGCCTCTGG-3Ј to generate a stop codon at amino acid 374 (P374X) and produce the N-terminal nuclear form of ATF6 (3ϫFLAG-nATF6).
The FLAG-tagged human FAF1 expression vector was obtained from Dr. K.-J. Lee (Ewha Womans University, Seoul, South Korea). The GFP-tagged human ORP1L expression construct was donated by Dr. V. Olkkonen (Minerva Foundation Institute for Medical Research, Helsinki, Finland). The GFPtagged dynamitin expression vector was obtained from Dr. T. Schroer (The Johns Hopkins University, Baltimore, MD). The FLAG-tagged BAP31 expression vector was obtained from Dr. G. C. Shore (McGill University, Montreal, Canada).
ATF6 Luciferase Assay-HEK293 cells seeded in 24-well dishes were transfected with the p5ϫATF6-GL3 luciferase reporter (300 ng, Addgene plasmid 11976), the pGL4. 75 Renilla control vector (15 ng), and either pEGFP-C1 or HA-VAPB constructs (100 ng). 24 hours post-transfection, cells were washed with PBS and incubated with media with 2 g/ml tunicamycin for 6 or 12 h. Cell lysates were collected in 100 l of lysis buffer, and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) per the manufacturer's protocol and detected by the Synergy H1 Hybrid Microplate Reader (BioTek). ATF6-derived luciferase luminescence was normalized to the Renilla control luminescence, and responses to tunicamycin treatment of VAPB-transfected cells were compared with GFP-transfected cells. Data were analyzed using Student's t tests.
Co-immunoprecipitations-HeLa cells were co-transfected with HA-VAPB (full-length or MSP) and various GFP-FFAT DNA constructs using Lipofectamine 2000 (Invitrogen), according to the manufacturer's protocol. 24 h after transfections, cells were washed with PBS and lysed in 50 mM Tris-HCl, pH 7.5, 150 NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 (EM Sciences), 1% sodium deoxycholate (MP Biomedicals), 1ϫ Complete protease inhibitor mixture (Roche Applied Science), and 1 mM PMSF. Lysates were incubated with anti-HA antibodies overnight with rotation at 4°C and collected on protein G-agarose (Pierce). After extensive washing, protein complexes were analyzed by Western blotting using HA and GFP antibodies.
GST Pulldowns-Both the wild type and 2DK-MSP domains of VAPB were PCR-amplified with the forward primer 5Ј-CATAGGATCCATGGCGAAGGTGGAACAGG-3Ј and the reverse primer 5Ј-GCGCGAATTCCTATTCAAACAC-ACATCTAAGTTTTGAATCC-3Ј to add 5Ј-BamHI and 3Ј-EcoRI sites that were cloned into the pGEX-4T-1 expression vector. The constructs were transformed into BL21 (DE3)competent Escherichia coli cells (Invitrogen) and induced with isopropyl 1-thio-␤-D-galactopyranoside to express GST-tagged VAPB MSP domains (GST-VAPB-WT-MSP and GST-VAPB-2DK-MSP), and proteins were purified on glutathione-Sepharose 4B beads using standard protocol (GE Healthcare). For pulldown experiments, GST-VAPB-MSP proteins (250 g for interaction analysis and 50 g for binding competition analysis) were pre-bound to beads, incubated with HeLa cell lysates (prepared in 25 mM Hepes, pH 7.2, 125 mM KOAc, 5 mM MgOAc, 2 mM EDTA, 2 mM EGTA, 1 mM DTT, 1% Triton X-100, 1 mM PMSF, 1 mM orthovanadate), collected by centrifugation, washed, and analyzed by Western blots with selective antibodies or mass spectrometry.
Immunostaining-Cells were seeded on cover glass (Fisher) in 24-well dishes and fixed in 4% formaldehyde in PBS. Fixed samples were blocked with 5% goat serum (Sigma) in PBS and 0.05% saponin (Sigma), incubated with selective primary antibodies, stained with Alexa Fluor 488 or 594 dye conjugates secondary antibodies (Invitrogen) diluted in PBS-saponin, washed, and mounted on slides (Fisher) with Fluoromount G (eBioscience) containing DAPI (5 g/ml). Filipin complex (Sigma) in PBS was incubated with cells after immunostaining to detect free cholesterol in cells and mounted without DAPI. Images were acquired on an Olympus Fluoview 1000 confocal system using an inverted microscope (IX-81 Olympus) and ϫ60 NA 1.42 PLAPON objective. Images were processed using FV10-ASW Version 02.00.03.10 (Olympus Corp.) and Adobe Photoshop CS3 (Adobe Photoshop Version 10.0.1 (Adobe)).
CFTR Expression Analysis-Human wild type and ⌬F508-CFTR expression constructs were co-transfected with various HA-VAPs and GFP-FFAT DNA constructs using the Effectene reagent (Qiagen) following the manufacturer's protocol. After transfection, cells were washed with PBS, lysed in PBS containing 1% Triton X-100 (EM Sciences), 0.1% SDS (Bio-Rad), and 0.5% sodium deoxycholate (MP Biomedicals). Lysates were mixed with SDS sample buffer and denatured by incubating and shaking at 37°C for 30 min. Samples were separated on 5 or 8% SDS-polyacrylamide gels and transferred overnight onto Protran BA83 nitrocellulose membranes (GE Healthcare). CFTR expression was detected using CFTR-specific antibodies (217 and 596) purchased from Cystic Fibrosis Foundation Therapeutics (University of North Carolina at Chapel Hill) and goat anti-mouse HRP-conjugated secondary antibodies (Pierce). To assess protein loading, samples were assayed for ␤-actin expression levels (Abcam). Quantitative densitometry was conducted using the Quantity One software (Bio-Rad).
Results

Misfolding of CFTR Leads to Cholesterol Accumulation and LE Clustering-Dietary cholesterol taken by cells is released from lipoprotein particles in LE and lysosome compartments
generating free cholesterol that can be transported back to the ER where it is further processed. Cells derived from CF patients or ones that express exogenous ⌬F508-CFTR were previously shown to accumulate abnormal levels of free endosomal cholesterol (2, 6), and we verified these observations in HEK293 cells. HEK293 stably expressing ⌬F508-CFTR stained with the cholesterol dye filipin revealed high levels of free cholesterol as observed in cells treated with U18666A, a cationic drug that inhibits the flow of cholesterol from LE to the ER (Fig. 1A) . ER-LE MCS are regulated by cholesterol levels in LE and are abrogated in high cholesterol conditions leading to dynein-mediated LE clustering at the microtubule-organizing center (MToC) (45) . We examined cells stably expressing ⌬F508-CFTR proteins for LE localization. Although Golgi (gpp130) and ER (calnexin) and early endosome (Rab5) morphologies were not affected by the expression of ⌬F508-CFTR (data not shown), LE (marked by Lamp2) exhibited a shift from scattered morphology to robust clustering at the juxtanuclear area near the MToC in ⌬F508-CFTR-expressing cells (Fig. 1B) . Previous studies have shown that induction of general protein misfolding in the ER and activation of the UPR lead to accumulation of free cholesterol in LE (11) . We therefore analyzed whether activation of UPR also leads to LE clustering as observed in ⌬F508-CFTR-expressing cells. We inhibited general ER folding in cells using tunicamycin, a drug that inhibits N-glycosylation in the ER leading to the activation of UPR. Tunicamycin treatment led to clustering of LE at the MToC (Fig. 1C ).
Increased cholesterol levels in LE can be sensed by ORP1L (45) (46) (47) (48) . In low cholesterol conditions, ORP1L establishes MCS between LE and ER membranes by using its FFAT signal to bind VAPs on the ER and ankyrin and pleckstrin homology domains to bind endosomal Rab7-RILP (16, 45, 49) . Increased cholesterol concentrations in LE leads to conformational change that occludes the FFAT motif. The resulting release of ORP1L from VAP-ER binding promotes the binding of the dynactin-dynein motor complex on LE, leading LE transport to the MToC. In agreement, clustering of LE at the MToC in cells treated with tunicamycin was inhibited by the expression of dynamitin p50, which uncouples the dynein motor from cargo organelles ( Fig. 1D ). Because cholesterol sensing and LE position in the cell are regulated by the ER-localized VAP receptors, we hypothesize that VAP receptors link MCS assembly and cholesterol transfer with protein biogenesis in the ER.
VAP Proteins Regulate the Stability of CFTR-As a first test to examine whether VAPs, which are involved in LE-ER interactions, participate in coupling sterol transfer to proteostasis, we examined whether VAPs affect CFTR biogenesis. Overexpression of VAPB (or VAPA-E185G, see under "Experimental Procedures") led to a robust increase in ⌬F508-CFTR expression ( Fig. 2A) . The F508 phenylalanine deletion in CFTR is causative in 90% of CF patients. The mutation destabilizes CFTR, which is re-routed for rapid ER-associated degradation (50) . The observed stabilization of ⌬F508-CFTR upon co-expression with VAPs might be the result of increased synthesis and thus physiologically insignificant. Alternatively, VAPs may lead to reduced degradation rates of ⌬F508-CFTR. To distinguish between these possibilities, we analyzed the stability of CFTR during a cycloheximide chase. As can be seen in Fig. 2B , ⌬F508-CFTR stability was enhanced by the expression of VAPs. The results suggest that VAPs regulate CFTR biogenesis in the ER.
Mutations in VAP-MSP Functionally Uncouple VAP Proteins from CFTR Stabilization-To explore the mechanisms by which VAPs might regulate CFTR biogenesis, we analyzed the molecular basis for the observed activity. VAPB is a type II membrane protein, anchored in the ER membrane through a C-terminal transmembrane domain (18) . The protein contains a central coiled-coil domain that supports VAP oligomerization (51) and an N-terminal MSP domain, which functions in FFAT binding (42) . The structure of the MSP domain of VAPA in complex with FFAT was previously defined (Fig. 2C ). We prepared structure-guided mutants of VAPB and truncated fragments and analyzed their effect on CFTR biogenesis (Fig. 2 , D and E). Expression of the MSP domain in isolation as a cytosolic soluble protein was sufficient in stabilizing CFTR. Therefore, membrane anchor or the coiled-coil domains of VAPB are not required for the observed stabilization. A mutation within the MSP domain (P56S in VAPB) destabilizes the protein and leads to the development of ALS (31) . The mutant VAP retains activity in FFAT binding or UPR interactions, yet it exhibits higher propensity to oligomerize, an activity dependent on the coiled-coil domain and accelerated by the MSP mutation (51) . In agreement with these results, VAPs harboring the P56S (or equivalent in VAPA-P63S) mutation had no effect on VAPinduced ⌬F508-CFTR stabilization (Fig. 2D ). It could be that interactions with FFAT containing LSS proteins regulate CFTR biogenesis. However, mutations that inhibit FFAT binding (K87D, M89D, and VAPA-K95D, M97D) for the most part had a marginal effect on the stabilization activity of VAPs ( Fig. 2E ). Although the MSP domain in isolation was sufficient in promoting ⌬F508-CFTR stability, extending the fragment to include the CC domain inhibited this activity ( Fig. 2D ). It may be that uncontrolled assembly of the MSP domain driven by CC interactions may inhibit the stabilization activity.
Inspection of the MSP structure revealed an unstructured loop that extends from the ␤-sheet core of the FFAT binding domain. The structural information suggests that the loop may not affect direct FFAT peptide binding, although regulatory activities cannot be excluded. Within this loop, we identified a pair of acidic residues (Asp-84 and Asp-86 in VAPA and Asp-77 and Asp-79 in VAPB, see Fig. 2C , residue positions highlighted FIGURE 1. Cellular distribution of late endosomes is regulated by protein misfolding in the ER. A, HEK293 cells (control) treated or untreated with U18666A (3 g/ml for 6 h) as indicated or HEK293 cell stably expressing ⌬F508-CFTR were fixed and stained with filipin to detected cholesterol distribution. B, HEK293 cells (control) or HEK293 cell stably-expressing ⌬F508-CFTR were stained for ER (red, calnexin) and late endosomes (LE, green, Lamp2). Insets are a magnification of cells from the above fields. C, control or tunicamycin-treated HeLa cells (2 g/ml for 24 h as indicated) were fixed and stained for ER (calnexin, red) and LE (Lamp2, green). D, as in C. HeLa cells were transfected with GFP-p50 dynamitin and treated with control or tunicamycin (4 g/ml for 6 h, as indicated). The localization of LE (Lamp2, red) was determined by IF. Bars, 5 m.
in yellow) and reversed their charge (replacement with lysine, resulting mutant termed 2DK, Fig. 2C ). As anticipated from the VAPA MSP structure (42) , the mutation did not affect expression or localization of the resulting mutants and did not affect protein stability (Fig. 2, D and F, and data not shown). However, and surprisingly, the mutations inhibited the ⌬F508-CFTR stabilization activities of VAPA or VAPB. Moreover, the mutations further inhibited the stabilization activity of the isolated MSP domains (data not shown). Thus, an additional interaction interface on VAPs is required for the regulation of ⌬F508-CFTR stability. Having established a structural determinant that uncoupled VAP expression from its effect on CFTR biogenesis effects, we analyzed whether VAPs effects on ⌬F508-CFTR stability are also exerted in a more physiological setting for CFTR expression by using cystic fibrosis bronchial epithelial cells. As observed in HEK cells, VAPB stabilized ⌬F508-CFTR, transiently expressed in cystic fibrosis bronchial epithelial cells, whereas the 2DK mutant, expressed at similar levels, failed to affect CFTR stability (Fig. 2F) . Overall, the results established a requirement for VAP activity in CFTR stabilization that resides in the soluble MSP domain and requires acidic charges on an unstructured loop within the domain. The analysis further established the physiological relevance in bronchial epithelia.
ATF6 Regulation Does Not Contribute to CFTR Stabilization by VAPB-VAPB has been previously implicated in the regulation of UPR by interactions with ATF6 (30) . Yeast two-hybrid analysis demonstrated that VAPB interacts with ATF6, and a similar interaction was detected in cells using a fluorescence FIGURE 2. VAPs regulate ⌬F508-CFTR biogenesis. A, HEK293 cells were transfected with plasmids expressing ⌬F508-CFTR and increasing amounts of HA-tagged VAPA or VAPB DNA (2ϫ or 3ϫ over CFTR DNA, as indicated). Cell lysates were collected and analyzed for CFTR and actin expression as indicated. Actin provides a loading control. B, HEK293 cells were transfected with ⌬F508-CFTR together with VAPA or VAPB (in a DNA ratio of 1:3, respectively) as indicated. Cycloheximide (CHX) (25 g/ml) was added for the indicated time, and the expression of CFTR was defined by Western blot. Arrows point to ER-localized immature bands A and B of CFTR as indicated. Middle panel is a lower exposure of the blot shown on the top to emphasize the difference in CFTR expression between VAP-expressing and control cells. Actin provides a loading control. Similar results were recorded in three independent experiments. C, structure of an FFAT-bound MSP domain of rat VapA (42) . Arrows indicate the positions of the 2DK loop and the FFAT peptide as indicated. The positions of the D84K and D86K mutations in the 2DK loop are highlighted in yellow. D, structure-function analysis of VAPA and VAPB in CFTR stabilization. ⌬F508-CFTR was expressed either with control (GFP) or together with VAPA and VAPB constructs, full-length (WT), isolated MSP fragments (VAPA(1-132); VAPB(1-124)), full-length VAPA-D84K, D86K, and VAPB-D77K, D79K (2DK mutants), ALS VAP mutants (VAPA-P63S and VAPB-P56S), and trans-membrane domain deleted mutants (⌬TM) (all at a 1 (⌬F508-CFTR) to 3 (tested proteins) DNA ratio) as indicated. Cell lysates were analyzed for VAP expression (using HA antibodies), CFTR, and actin (as a loading control). E, ⌬F508-CFTR was expressed without or with VAPA-K95D/M97D or VAPB-K87D/M89D (both deficient in FFAT binding, ⌬FFAT) and analyzed as in D. F, bronchial epithelial cells (cystic fibrosis bronchial epithelial cells) were transfected with VAPB or VAPB-2DK mutant as in D, and the expression of CFTR, HA-VAP, and actin was determined using Western blots. complementation assay. The interaction inhibits ATF6 during UPR activation. Depletion of ATF6␣ was shown to enhance ⌬F508-CFTR stability and to regulate CFTR expression (52, 53) . ATF6 selectively controls the expression of a defined set of genes involved in ERAD providing a plausible mechanism for the stabilization of ⌬F508-CFTR by VAPB (54) . We tested whether ATF6 activities are regulated by sterol homeostasis and whether VAPB-ATF6 interactions are sensitive to the 2DK mutations that inhibit ⌬F508-CFTR stabilization. The modulation of cholesterol homeostasis through the incubation of cells in lipoprotein-deficient (LD) media and/or treated with ␤-methyl cyclodextrin can lead to partial correction of folding and trafficking of misfolded proteins from the ER (4, 55). In ⌬F508-CFTR-expressing cells, a reduction in the NPC phenotype of cholesterol accumulation was observed following an acute treatment with ␤-methyl cyclodextrin. The observed reduction in unesterified cholesterol is accompanied by functional rescue of ⌬F508-CFTR, derived in part by the arrival and increased retention of ⌬F508-CFTR at the plasma membrane (56) . Misfolded glucocerebrosidase mutants that are arrested in the ER also lead to the accumulation of unesterified cholesterol in LE in fibroblasts derived from Gaucher disease patients. The incubation of such fibroblasts in LD reduces the accumulation of unesterified cholesterol, inhibits ER-associated degradation, and induces the traffic and functional rescue of ER-retained glucocerebrosidase mutants (4) . We did observe a ⌬F508-CFTR rescue phenotype by incubating ⌬F508-CFTR-expressing cells in LD alone or LD supplemented with ␤-methyl cyclodextrin, although such a phenotype was infrequent (data not shown). The reasons for this variability is unknown and yet likely reflects variable ⌬F508-CFTR expression levels that can lead to leakage of stabilized ⌬F508-CFTR from the ER in LDtreated cells. However, we did observe a consistent delay in the ⌬F508-CFTR degradation rate in LD-treated cells when analyzed using a cycloheximide chase (Fig. 3A) . Importantly, sterol homeostasis regulates VAP-controlled MCS, so we analyzed whether ATF6 activities are modulated under these conditions. We analyzed the activation of endogenous ATF6 in parental and ⌬F508-CFTR-expressing cells using a luciferase-based transcription reporter as reported previously (57) . Treatment of cells with tunicamycin for 6 h led to ϳ6-fold activation of ATF6-driven transcription in parental HEK293 cells (Fig. 3B ). However, activation was markedly reduced in ⌬F508-CFTRexpressing cells (2-fold, Fig. 3C ). This result is likely derived from desensitization of ATF6 activation in ⌬F508-CFTR-expressing cells. Indeed, transient expression of ⌬F508-CFTR in parental HEK293 cells led by itself to 6-fold elevation of basal ATF6 activity when compared with cells expressing GFP (Fig.  3E) . Thus, ⌬F508-CFTR expression might have led to chronic activation and desensitization of UPR activities. Importantly, incubation of cells for 24 h in LD led to overall inhibition of Tm-induced ATF6 activation in both parental and ⌬F508-CFTR-expressing cells (Fig. 3, B-D) . Short incubations in LD (4 h) did not affect ATF6 activity suggesting that an adaptation period is required for a new homeostasis to develop (data not shown). The results suggest that ⌬F508-CFTR stabilization may correlate with ATF6 activity. We thus first examined the physical interactions of ATF6 with VAPB. Because the CFTR stabilization activity resided in the MSP domain, we produced the MSP domain of VAPB as a GST-tagged protein for the analysis of protein-protein interactions using glutathione-Sep-harose beads in pulldown assays with cell lysates (Fig. 4A) . As control, we analyzed the interactions of the domains with the FFAT-containing ligand EGFP-ORP1L, transiently expressed in HeLa cells. Both VAPB-MSP and VAPB-MSP-2DK interacted with EGFP-ORP1L in HeLa cell lysates, confirming that both WT and mutated domains are folded and the FFAT-binding site is largely intact (Fig. 4B ). The results are in agreement with the structurally defined minimal FFAT-binding site, which resides away from the 2DK-containing loop (42) . We prepared lysates from cells expressing FLAG-tagged ATF6 for analysis. GST-MSP interacted with FLAG-ATF6 (Fig. 4B ). Activation of ATF6 involves a traffic step from the ER to the Golgi where two Golgi resident proteases, site 1 protease and site 2 protease, release the N terminus of ATF6 from membranes for transcription regulation (58) . GST-MSP interacted with the active FLAG-nATF6 fragment (Fig. 4B) . Importantly, the 2DK mutation partially inhibited yet did not abolish these interactions. The results are in agreement with previous analysis of VAPB-ATF6 interactions using yeast two-hybrid and fluorescent complementation assays (30) . The inhibition of VAPB-MSP interactions by the 2DK mutation supports a role of ATF6 in ⌬F508-CFTR stabilization. We therefore analyzed how VAPB regulates ATF6 activation. Expression of VAPB led to elevated basal activity of ATF6 (data not shown), which may reflect an ER overload response. When UPR was induced by tunicamycin (Tm) and the magnitude of ATF6 activation above basal activity was analyzed, VAPB expression led to a 50% inhibition of Tm fold activation as reported previously (30) . The 2DK mutant that inhibits VAPB interactions with nATF6 was less effective in inhibiting Tm-induced ATF6 activation, although the difference was not statistically significant (Fig. 3F) .
The results may still suggest that the ATF6 arm of the UPR is a target, which can regulate CFTR stability. Because expression of VAPB, an ER membrane protein by itself, led to activation of ATF6, we further tested whether the soluble, isolated MSP domain, which is functional in CFTR stabilization, is similarly active in ATF6 regulation. Expression of either the MSP or the MSP-2DK domain failed to elevate basal ATF6 activity. Importantly, Tm-induced activation of ATF6 was not inhibited by the expression of both MSP domains (Fig. 3G) . The results collectively suggest that VAPB expression and sterol homeostasis can regulate ATF6 activity. However, given the lack of regulation by the soluble MSP domain, which is functional in CFTR stabilization, ATF6 regulation is not a primary target by which VAPB affects ⌬F508-CFTR degradation. Indeed, the inhibition of ⌬F508-CFTR degradation is an acute effect unlikely derived from UPR-controlled proteostasis readjustments. VAPB Interactions with ERAD Components Regulate ⌬F508-CFTR Degradation-Having defined mutations that uncouple VAP expression from regulation of CFTR biogenesis, we used the information to analyze proteostasis-active VAPB interactions. Because the MSP domain is localized in the cytosol, we conducted a qualitative preliminary screen to identify cytosolic proteins that interact with GST-VAPB-MSP or GST-VAPB-MSP-2DK using the rat liver cytosol fraction, pulldown on GS beads, and mass spectrometry (MS), yielding a limited set of hits that were somewhat sensitive to the 2DK mutation (data not shown). Importantly, some of our hits were recently reported in quantitative MS analyses of VAPB interactions, including ORP and proteostasis proteins (59, 60) . We therefore considered the possibility that the 2DK loop may regulate selective FFAT-driven interactions. As reported previously, we also detected interactions between VAP-MSP and FAF1 (61), a protein implicated in Parkinson disease (62) . FAF1 utilizes a noncanonical FFAT motif to interact with VAPB, and this interaction is further required to support VCP-VAPB binding. We analyzed the interactions of FAF1 and VCP (a FAF1-binding protein) to determine whether the interactions are sensitive to the DK mutation. For analysis, we used VAPB-MSP domains in pulldown assays from lysates of cells transiently expressing FLAG-tagged FAF1. FAF1, a regulator of ERAD, contains a UBA domain that binds ubiquitinated proteins, a UAS domain that binds long chain fatty acids, and a UBX domain that interacts with p97/VCP exclusively when it is bound to UFD1/NPL4 and is thus committed to ERAD activities (63-65). Both FLAG-FAF1 and endogenous VCP were effectively pulled down with the MSP domain, and the interactions were inhibited by the proteostasis-uncoupling 2DK mutations to suggest that the 2DK loop regulates FFAT-mediated interactions (Fig. 4B ). Overexpression of FAF1 by itself failed to affect ⌬F508-CFTR degradation (data not shown). We therefore analyzed VAPB-MSP for interactions with BAP31 and Derlin-1; both interact with p97/VCP to support ERAD of ⌬F508-CFTR (66). Derlin-1 is a rhomboid pseudoprotease that is required for protein dislocation from ER membranes (67) . Overexpression of Derlin-1 leads to accelerated proteasome-dependent degradation of ⌬F508-CFTR, whereas its depletion by shRNA leads to protein stabilization (68) . Similarly, depletion of BAP31 stabilizes and further supports functional correction of ⌬F508-CFTR (69, 70) . VCP, BAP31, and Derlin-1 are found in complex with ⌬F508-CFTR that controls dislocation and ER degradation (69) . BAP31 and Derlin-1 (both endogenous and exogenously expressed tagged proteins) interacted with GST-MSP in cell lysates, but not with GST, and these interactions were inhibited by the 2DK mutations ( Fig. 4B and data not shown). Studies in yeast suggested that the yeast homolog of BAP31-BAP29, the Yet1-Yet3 complex, interacts with yeast VAP-Scs2; therefore, these interactions are evolutionarily conserved (29) . Overall, our analysis and recently published MS data highlighted two main groups of VAPB-MSP (direct or indirect)-binding proteins, one composed of components of the UPR and a cluster of ERAD and cytosolic protein degradation machinery (ATF6, FAF1, VCP, BAP31, and Derlin-1). The second group contained FFAT-carrying lipid sorting and sensing proteins and proteins that may regulate MCS (ORPs or Rab3-GAP1/2) supporting a role of VAP regulating the coupling between sterol traffic and proteostasis. The identity of primary (direct) interacting partners and the detailed map of the VAP-interactome remain to be determined.
VAPB Regulates ⌬F508-CFTR Degradation via the RMA1 Pathway-BAP31 and Derlin-1 participate in a degradation pathway of ⌬F508-CFTR that is controlled by the activity of the E3 ligase RMA1 (66, 71) . BAP31 and Derlin-1 are in complex with RMA1, which preferentially identifies structural instabilities in NBD1, including ⌬F508, leading to ubiquitination and BAP31-Derlin-1-mediated delivery to proteasomal degradation (69) . To test whether VAPB-induced stabilization of ⌬F508-CFTR utilizes the BAP31-Derlin-1-RMA1 pathway, we analyzed the effects of VAPB on CFTR stability in cells stably expressing scrambled or RNF5/RMA1 targeting shRNA (Fig.  4C) . Although the cells only exhibited partial depletion of RMA1, this depletion led to stabilization of ⌬F508-CFTR (Fig. 4C ) as reported previously (71, 72) . VAPB, which stabilizes ⌬F508-CFTR, did not modify the effect of RMA1-mediated stabilization. The results suggest that VAPB functions to regulate the RMA1-BAP31-Derlin1 degradation pathway of ⌬F508-CFTR.
Ligand Binding (FFAT or Proteostasis Ligands) Controls Functional VAP Interactions-Multiple interactions between VAP and FFAT-containing ligands have been described, and for many, a vital cellular function has been suggested. VAPs may function as a passive anchor point on the ER membranes to link FFAT ligands with the ER. In a passive mechanism, VAPs are found in large excess to their binding partners and thus may not play a regulatory role. However, previous functional data as well as the data presented here suggest an alternative model, in which VAP-ligand binding provides a regulation point in cell physiology as seen here with CFTR. How can multiple interactions of VAPB regulate CFTR proteostasis and sterol homeostasis and are these involved in coupling of the two activities? One simple mechanism is competition; binding of one ligand can inhibit interactions and thus regulation of others. To test this hypothesis, we produced artificial VAP ligands and tested these for VAP receptor binding and for the ability to functionally compete with other VAP ligands. VAPs bind FFAT signals in a mechanism that most likely involves coincidence-based recognition. Such binding is assisted by added interactions with lipids and protein determinants. To overcome this, we adopted a strategy of increasing FFAT binding through increased avidity. We generated tandem repeats of FFAT signals tagged with GFP for analysis. A similar strategy was utilized to follow FFAT binding in yeast, where ligand containing a single FFAT signal remains cytosolic, yet the ones that contain tandem FFAT repeats became localized with Scs2 on ER membranes (73) . To examine the binding of tandem repeats to VAP, we co-expressed the HA-tagged VAPB or the VAPB-MSP domain together with GFP-nxFFAT reporters and monitored interactions by co-immunoprecipitation (Fig. 5, A and B) . Although GFP and GFP-1ϫFFAT did not co-precipitate with VAPB, the 2ϫFFAT and more pronouncedly the 3ϫFFAT precipitated with HA-VAPB, suggesting that increased avidity can indeed overcome low affinity to support receptor binding (Fig. 5A) . Similar results were observed when HA-VAPB-MSP-FFAT binding was analyzed, yet these interactions were more robust (Fig. 5B ). To further monitor receptor binding, we followed the localization of HA-VAPB and FFAT ligands co-expressed in transfected cells (Fig. 5C) . A recent study utilized a similar approach to demonstrate VAPA clustering at the Golgi region upon expression of an FFAT ligand appended to a Golgi-selec- Receptor-ligand interactions can regulate ⌬F508-CFTR biogenesis. A, HeLa cells were co-transfected with HA-VAPB and GFP or GFP-tagged with 1ϫ, 2ϫ, or 3ϫ copies of FFAT signals as indicated. HA-VAPB was isolated by immunoprecipitation (IP-HA) from cell lysates (Total) and probed for HA and GFP. Note interactions of 3ϫFFAT with VAPB. IB, immunoblot. B, similar co-immunoprecipitation analysis was conducted from cells expressing HA-VAPB-MSP domain and GFP-FFATs as indicated. C, HeLa cells were co-transfected with HA-VAPB, HA-VAPB-2DK, or HA-VAPB-⌬FFAT together with GFP, GFP-1ϫFFAT, GFP-2ϫFFAT, or GFP-3ϫFFAT, as indicated, and the localization of HA (red) or GFP (green) was determined by indirect (red) and direct (green) fluorescence. D, lysates prepared from cells transiently expressing GFP-1ϫFFAT or GFP-3ϫFFAT were subjected to pulldown analysis using GST or GST-VAPB-MSP proteins and analyzed for interactions with p97/VCP, Derlin1, and GFP-tagged FFATs on Western blots. E, cells expressing ⌬F508-CFTR together with GFP, 1ϫ, or 3ϫ FFATs were analyzed for ⌬F508-CFTR stability using cycloheximide (CHX) chase for the indicated times (actin serves as a loading control). 3ϫFFAT contained two copies of Myc-tagged FFAT signals of rabbit OSPB (residues 347-372) and one copy of an FFAT signal from human Nir2 (residues 344 -360). 3ϫFFAT* is a tandem repeat of three copies of the OSBP-FFAT signal.
tive lipid-binding module (23) . All transiently expressed GFP-FFAT ligands exhibited diffused cytosolic staining ( Fig. 5C and data not shown). To examine receptor binding, we co-expressed HA-tagged VAPB with 1ϫ, 2ϫ, and 3ϫFFAT for morphological inspection. Strikingly, although GFP-1ϫFFAT remained largely cytosolic and HA-VAPB remained in a typical reticular ER pattern, the 2ϫFFAT and more pronouncedly the 3ϫFFAT ligand formed large ER aggregates in the presence of expressed VAPB (Fig. 5C ), and these aggregates contained other ER membrane proteins (data not shown). ER aggregation was not observed when an FFAT binding-deficient HA-VAPB mutant was co-expressed suggesting that VAP-FFAT binding is reported morphologically through this membrane aggregation. The VAPB-2DK mutant also aggregated with the 3ϫFFAT ligand, in agreement with functional FFAT binding recorded in GST pulldown assays ( Figs. 5C and 4B ). It is interesting to note that we have not seen FFAT aggregates in the absence of exogenous co-expressed HA-VAPB. It may be that the concentration of endogenous VAP is insufficient to drive global rearrangements of ER membranes. Alternatively, isolated FFAT signals are effectively outcompeted by endogenous FFAT-LSS interactions that might be assisted by regulated co-incidence binding.
However, having established receptor binding by tandem FFAT ligands, we analyzed whether these ligands can also outcompete endogenous proteostasis ligands for VAP binding and whether such competition functionally modulates CFTR biogenesis. For analysis, we expressed the GFP-1ϫFFAT or 3ϫFFAT ligands in cells and prepared cell lysates. We then followed interactions of FFAT and proteostasis ligands using the GST pulldown assay. We titrated the GST-MSP and determined minimal concentrations that allowed for robust detec-tion of binding with p97/VCP and Derlin-1 (data not shown). In this experimental setup, interactions between the 1ϫFFAT and VAPB-MSP were observed, yet these were not as robust as the interactions observed with the 3ϫFFAT ligand, corroborating the co-immunoprecipitation-based analysis in cells (Fig. 5D ). Importantly, although p97/VCP or Derlin-1 interactions were detected in lysates expressing 1ϫFFAT, these interactions were abolished in lysates containing 3ϫFFAT ligands, supporting a competitive ligand-binding mode for VAP receptors (Fig. 5D ). VAPs binding to proteostasis ligands may inhibit their activity. In the simplest model, VAP interactions with proteostasis regulators can be competed by the expression of artificial FFAT ligands thus accelerating ⌬F508-CFTR degradation. We expressed FFAT ligands together with ⌬F508-CFTR and analyzed CFTR stability using cycloheximide chase (Fig. 5E ). Expression of FFAT ligands (1ϫ and 3ϫFFAT) led to enhanced ⌬F508-CFTR degradation. Therefore, ligand competition may direct VAP regulatory activities.
Discussion
Abnormalities in the distribution and levels of sterols and ceramides are documented in patients with protein folding diseases suggesting that coupling exists between proteostasis and lipid homeostasis (1, 2, 4, 5) . However, the molecular basis for these abnormalities is unknown. VAPs bind LSS and proteostasis ligands and can regulate both processes. We therefore hypothesized that VAPs function as ER receptors that couple both processes. During protein misfolding in the ER, VAPs inhibit membrane contacts to slow lipid flow back to the ER, thus reducing biosynthetic load to accommodate the developing stress (Fig. 6 ). Our studies support this hypothesis as follows. 1) VAP regulated membrane contact sites between ER and LE detached in response to protein misfolding in the ER (including that of CFTR) leading to the accumulation of free cholesterol in LE (Fig. 1) . 2) VAPs, which regulate LE-ER MCS and sterol traffic, also regulated ⌬F508-CFTR degradation using the MSP FFATbinding domain (Fig. 2). 3) The functional interactions of VAPs with ATF6 ( Fig. 3) and ERAD components of the RMA1-BAP31-Derlin-1-VCP pathway correlate with the regulation of ⌬F508-CFTR biogenesis (Fig. 4) ; selective MSP mutations (2DK) inhibited the binding of VAP-MSP to ERAD ligands and the regulation of CFTR biogenesis by VAPs (Figs. 2-4 ). 4) Cellular sterol homeostasis regulates ATF6 activity and ERAD of ⌬F508-CFTR (Fig. 3) . 5) Competitive VAP-ligand binding (which can be defined in our experiments as a form of biological inactivation) can regulate CFTR biogenesis (Fig. 5) . The results support a role for the ER-anchored VAPs in coupling between protein folding in the ER and lipid transfer and homeostasis (Fig. 6) .
The mechanism of VAP-mediated regulation remains to be defined. In our experiments, VAPs regulate protein biogenesis by binding and sequestration of proteostasis regulators resulting in their inhibition. These regulators include components of the ERAD machinery and stress signaling elements ATF6 ( Fig.  3) (30) and Ire1 (31) . VAP is known to support directional intracellular lipid transfer. In yeast, VAPs directly regulate lipid synthesis during the activation of ER stress. How then is the coupling between the two activities achieved? A simple model suggests that the coupling activity is determined by ligand availability and VAP occupancy. In such a model, the occupation of the receptor by proteostasis ligands leads to inhibition of lipid flow and the observed accumulation of free cholesterol in late endosomes and the plasma membrane as observed in protein folding diseases (Fig. 6 ). However, the mechanism by which ligand interactions with VAP are regulated remains to be defined. For known LSS, availability is defined by lipid binding. The binding of 25-hydroxycholesterol by OSBP leads to stabilization of VAP-mediated Golgi-ER MCS (23, 74) . In contrast, the binding of cholesterol by ORP1L leads to conformational change and inhibition of VAP binding (45) . ORPs are utilized to sense and report lipid homeostasis in different organelles. In our model, LSS function to survey the membrane lipid composition of intracellular compartments using their lipid-binding modules and convey this information through conformational changes that regulate binding to VAPs in the ER. The observed complex regulation (with both inhibitory and stimulatory roles for lipids in regulation of VAP interactions) is likely utilized to optimize the coordination between proteostasis and overall cellular lipid traffic and homeostasis.
Similar regulation of ligand binding may apply for the interactions of proteostasis regulators with VAPs. We identified and verified FAF1 as a VAPB-interacting protein. FAF1 oligomerization is regulated by the interactions of its UAS domain with long chain unsaturated fatty acids (usFA) while linking to the p97-supported degradation machinery using its UBX domain (63) (64) (65) . Thus, it might be that usFA regulate FAF1-Vap-VCP binding, although the source of usFA remains to be defined. In that respect, it is interesting to note that FAF2, a homolog of FAF1, is localized to lipid droplets (75) , and a role for lipid droplets in the regulation of ERAD has been proposed (76) . Thus, lipid droplets may provide regulatory usFAs during protein degradation. TTC39B was further identified as a VAPB binding partner. TTC39B is an evolutionarily conserved protein that is genetically linked to the development of dyslipidemia in humans (77) (78) (79) . TTC39B contains a tetratricopeptide domain, possibly linking it to the protein chaperone system. The S. cerevisiae homolog of TTC39B/C Iml2, is localized with protein inclusions (that are characteristic of protein folding diseases) and is involved in physically linking those with lipid droplets. TTC39B/Iml2 activity is required for a lipid droplet-assisted clearance of cytosolic protein inclusions (80) .
While our study was prepared for publication, mass spectrometry analyses of VAPB interactions using immunoprecipitation also identified FAF1 and VCP as binding partners for VAPB (60, 61) . Importantly, the studies defined a non-canonical FFAT motif in FAF1 that was required for the interactions of both p97/VCP and FAF1 with VAPB. Future studies should further explore the possibility that FAF1-TTC39B and VAPs function on the same VAPB-RMA1-p97/VCP-Derlin-BAP31 ERAD pathway ( Figs. 2 and 4) , whereas lipid droplets provide the required environment for protein extraction from the ER and degradation. If so, VAPB binding may be utilized to coordinate lipid signals derived from lipid droplets with protein degradation in the ER.
Signaling pathways further control ligand availability and VAP interactions. OSBP phosphorylation enhances its VAPmediated interactions with ER membranes (81, 82) , and other LSS and proteostasis ligands may also be modified to regulate VAP binding and activity in response to signals that couple cells with organism physiology.
In our model (Fig. 6 ), the receptor itself is a passive element. However, ligand binding is also controlled by the status of the receptor. Given the sensitivity of FAF1 and VCP binding to the 2DK mutation ( Fig. 4) , the results suggest that the 2DK-containing loop regulates selective interactions of FFAT with the MSP domain and might play a role in the regulation of receptor assembly. VAPs dimerize and oligomerize using their coiledcoil (CC) cytosolic domain, and structural studies suggest that assembly regulates ligand binding (42) .
A mutation in the MSP domain of VAPB (P56S) leads to the development of ALS, and it increases the propensity of VAPB to oligomerize, an activity mediated by the CC domain (51) . Thus, the ligand-binding MSP domain regulates receptor assembly. In ALS, the VAPB P56S mutation can occlude MSP binding through induced oligomerization, trapping the receptor in a "closed" conformation that will inactivate FFAT ligand binding ( Fig. 6 ). Thus, in its closed state, VAP will not support lipid flow between the ER and cellular membranes leading to abnormal distribution of cellular lipids. Under such conditions, proteostasis will also be deregulated (Fig. 6 ). In agreement, abnormal cholesterol and ceramide levels as well as protein inclusions are observed in relevant samples from sporadic ALS patients and importantly in defined ALS mouse models as is predicted by a loss of proteostasis and lipid homeostasis coupling (1) . Future studies should examine the role of VAP homo-and heteroassembly in physiological ligand binding and the role of ligand binding in controlling receptor assemblies. Importantly, the proposed ligand-receptor regulatory mode of activity for VAP receptors offers an avenue for the development of future therapeutics. VAP ligands might be utilized to selectively modulate cellular proteostasis outcomes in CF and other protein-folding diseases.
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